Abstract-In this paper, the static and dynamic characteristics of discrete 650 V and 1200 V trench TO 247 SiC MOSFET is evaluated and compared with a similar current rating 1200 V planar gate discrete TO 247 SiC MOSFET. The new trench MOSFET has promising application for vehicle charging and auxiliary power supply application due to the lower on-state resistance and lower capacitance. Static characteristics for these devices are evaluated using a curve tracer for different device junction temperature A common double pulse test (DPT) platform is developed to evaluate the switching loss at different device junction temperature ranging from 25°C to 175°C. The experimental setup and results are presented for different load currents and temperature.
I. INTRODUCTION
Silicon Carbide (SiC) devices are gaining popularity for higher efficiency and higher power density for next-generation electric vehicles (EVs) [1] [2] [3] [4] [5] [6] . SiC devices exhibit higher breakdown voltage, higher thermal conductivity, higher operating temperature, and lower losses compared to Silicon (Si) based power electronic devices [7] [8] [9] . Trench SiC MOSFETs are developed for power applications to reduce the conduction loss and switching loss compared to the existing planar SiC MOSFET. As a result, converter loss and heat sink requirement can be reduced by adopting the trench SiC MOSFETs. To validate these benefits of the high power trench SiC devices, static and dynamic characterization is performed and compared with a planar SiC device. The device structure of the planar and trench devices are shown in Fig. 1 [10] .
Planar gate SiC MOSFETs are widely characterized and studied in literature for different test conditions [11] [12] [13] .
However, the performance of the newly released trench SiC MOSFETs is not widely studied and compared for different conditions [10] . In this paper, the performance of discrete 650 V and 1200 V trench devices are characterized which is helpful for EV manufacturers to compare the performance of the trench SiC MOSFETs for automotive applications.
The paper is organized as follows. The static characteristics including output characteristics, reverse conduction characteristics, body diode characteristics, and device capacitance is presented in Section II. The DPT setup developed for the dynamic characterization is presented in Section III. The experimental results are presented in Section IV. Conclusions are stated in Section V.
II. STATIC CHARACTERISTICS
Static characterization is performed to predict the device onstate resistance at different temperature, body diode characteristics, and evaluate the nonlinear device capacitance. Tektronics 371B [14] curve tracer is used to obtain the output characteristics at different gate voltage and temperature. The temperature of the device under test (DUT) is elevated using a hot plate and measured with a thermocouple. In Fig. 2 and 3 , the output characteristics for the different temperature at 20 V gate voltage is shown. Increased voltage drop is observed at higher temperature due to higher channel resistance at higher temperature due to higher on-state resistance. From the output characteristic, the device on-state resistance is evaluated for different temperature and compared with planar gate 1200 V SiC MOSFET in Fig. 4 . Both 650 V and 1200 V trench MOSFETs have much lower on-state resistance compared to the 1200 V planar gate MOSFET. This is because of the trench structure as shown in Fig. 1 where the channel resistance is much lower compared to the planar MOSFET. As a result, the conduction loss of the power converter with new trench SiC MOSFETs will be much lower than SiC DMOS. The body diode of trench MOSFET is superior since the forward voltage drop is much lower than DMOS due to the source trench structure. The forward voltage drop of the devices is shown in Fig. 5 . Leveraging the advantage of the lower voltage drop of the body diode, the requirement of the number of Schottky diodes to for the dead time conduction can be reduced.
The device capacitance is measured using Keysight's B1500A Semiconductor Device Analyzer [15] . The device output and input nonlinear capacitance at different drain voltage are shown in Fig. 6 and Fig. 7 respectively. The 650 V trench MOSFET have much higher output capacitance than planar MOSFET. The output capacitance of 1200 V trench and DMOS are comparable. However, both trench MOSFETs have lower input capacitance compared to planar MOSFETs due to the device structure. So, trench MOSFETs can be operated much faster. However, the gate driver needs to be optimized for oscillation and dynamics. 
III. TEST SETUP
A DPT platform is developed for the dynamic loss characterization for the devices in Table 1 . The developed DPT setup is shown in Fig. 8 and the schematic of the setup is presented in Fig. 9 . To keep the consistency of the test, the same freewheeling diode (FWD), gate driver, and power board are used. The gate driver is designed to generate -2/+20 V gate pulse based and provide sufficient current to drive the ‫ܥ‬ ௦௦ of the SiC MOSFETs. The double pulse is provided to the gate driver based using a DSP controlled by a LabView interface. The drain current ‫ܫ(‬ ), drain to source voltage (ܸ ௌ ), and the gate to source voltage ሺܸ ீௌ ሻ is recorded using a LabView interface tied to an oscilloscope. The gate resistance is chosen to limit the peak current during device switching and also to damp the gate drive oscillation.
An IGBT based solid-state circuit breaker (SSCB) is used for the protection of the DUT setup [16] . The threshold of the SSCB is set around 150 A so that it can protect the setup during any fault, but does not trip due to the turn-on transient due to the reverse recovery effect and the parasitic inductance associated ringing. The inductance, gate resistance, and Table 2 . Using a hot plate, the junction temperature of the device is varied from 25°C to 175°C and the actual device temperate is measured using a thermocouple. The current waveform is captured using SSDN-10 current viewing shunt.
IV. EXPERIMENTAL RESULTS
The DPT test platform, shown in Fig. 8 , is used to characterize the devices. The 650 V trench MOSFET is tested for 400V bus voltage. The turn-on, turn-off and total switching energy variation at a different temperature are shown in Fig.  11, Fig. 12, and Fig. 13 respectively. The turn-on switching energy is decreased and the turn-off switching energy is decreased with temperature increase. However, the total switching energy is quite constant irrespective of the device junction temperature. As a result, the SiC trench MOSFET based converter switching loss model will be pretty consistent regardless the temperature variation.
The 1200 V trench MOSFET is tested for 400V bus voltage and 600 V bus voltage. The turn-on, turn-off and total switching energy for 1200 V trench MOSFET at 400V bus voltage are shown in Fig. 14, Fig. 15 , and Fig. 16 respectively for different junction temperature. The turn-on, turn-off and total switching energy for 1200 V trench MOSFET at 600V bus voltage are shown in Fig. 17, Fig. 18 , and Fig. 19 respectively for different junction temperature. In both test conditions, the turn-on switching energy is decreased and the turn-off switching energy is decreased with temperature increase. However, the total switching energy is quite constant irrespective of the device junction temperature. So, it can be concluded that the SiC trench MOSFET based converter switching loss model will be pretty consistent regardless the temperature variation.
The 1200 V DMOS is tested for 400V bus voltage and 600 V bus voltage. The turn-on, turn-off and total switching energy for 1200 V trench MOSFET at 400V bus voltage are shown in Fig. 20, Fig. 21, and Fig. 22 respectively for different junction temperature. The turn-on, turn-off and total switching energy for 1200 V trench MOSFET at 600V bus voltage are shown in Fig. 23, Fig. 24, and Fig. 25 respectively for different junction temperature. In both test conditions, the turn-on switching energy is decreased and the turn-off switching energy is decreased with temperature increase. However, the reduces the higher device junction temperature.
Comparing the 1200 V SiC trench MOSFET and the 1200 V DMOS, the switching energy of the SiC trench MOSFET is lower than the DMOS. So, the lower switching loss can be obtained using the SiC trench MOSFET even though it can handle more current as specified in Table 1 . From the 400V test, the 650 V SiC trench MOSFET shows comparable turnoff switching energy even though it can conduct two times current compared with the DMOS. So, it can be concluded that the newly developed trench MOSFET increase the power converter efficiency and reduce the need for heat sink requirement. 
V. CONCLUSION AND FUTURE WORKS
SiC trench MOSFETs provide promising opportunity to obtain lower conduction and switching loss. The total switching energy characteristics are independent of the device junction temperature. As a result, the converter loss prediction will be less complex. The converter operating frequency can be increased due to high-temperature operation without total switching loss variation and lower switching energy compared to the DMOS. With the higher switching frequency, the size of the passive components including the inductor and capacitors can be reduced further. Since the on-state resistance and switching loss is low, the heat sink size requirement can be reduced. As a result, the power density of the power converter can be increased further for electric vehicles, aerospace applications, and mining application where total weight and volume of the power converter is important by incorporating the SiC trench MOSFETs.
